Treatment of non-prolific western white-faced ewes with prostaglandin F 2a (PGF 2a ) and medroxyprogesterone acetate (MAP) increases the ovulation rate as a result of ovulations from the penultimate wave in addition to the final wave of the cycle. The objective of the current study was to evaluate the expression of markers of vascularization/angiogenesis, a marker of intercellular communication, and cellular proliferation and apoptosis in follicles from the penultimate and final waves. On day 8 of the estrous cycle, 15 ewes were administered a single injection of PGF 2a and an intravaginal MAP sponge, which remained in place for 6 days. Two days after sponge removal, ovaries which contained follicles from the penultimate and final waves were collected and processed for immunohistochemistry followed by image analysis, and for quantitative real-time RT-PCR. Expression of factor VIII (marker of vascularization), proliferating cell nuclear antigen, and GJA1 (Cx43; marker of gap junctional communication) was greater (P!0.05) in follicles from the final wave compared with follicles from the penultimate wave. For theca cells, mRNA expression for vascular endothelial growth factor (VEGF) was greater (P!0.05) and tended to be greater (P%0.1 and R0.05) for GJA1 and endothelial nitric oxide synthase in follicles from the final wave compared with follicles from the penultimate wave. For granulosa cells, the mRNA expression for GJA1 was greater (P!0.05) and tended to be greater (P%0.1 and R0.05) for VEGF in follicles from the final wave compared with follicles from the penultimate wave.
Introduction
In cyclic ewes, ovarian antral follicles emerge and grow from a pool of small follicles (2 or 3 mm in diameter) in a wave-like pattern, reaching diameters of R5 mm before regression or ovulation (Schrick et al. 1993 , Ginther et al. 1995 , Bartlewski et al. 1999 . In most cases, ovulatory follicles develop from the cohort of follicles from the last follicular wave of the estrous cycle (Bartlewski et al. 1999) . However, ovulatory follicles can also be derived from the penultimate (second to last) wave of the cycle; these follicles may ovulate at the same time as follicles from the last follicular wave of the cycle (Bartlewski et al. 1999) . The high ovulation rate in prolific Finn ewes is the result of ovulations from the penultimate wave in addition to the final wave of the cycle (Bartlewski et al. 1999) . In a previous study , treatment of non-prolific western white-faced (WWF) ewes with prostaglandin F 2a (PGF 2a ) and medroxyprogesterone acetate (MAP) at midcycle changed follicular dynamics and increased ovulation rate by w50% due to ovulations from both the penultimate wave and the final wave of the cycle. However, PGF 2a and MAP treatment in non-prolific WWF ewes did not result in an increase in lambing rate (Davies 2005) . The ovulatory follicle from the penultimate wave is older compared with the ovulatory follicle from the final wave of the cycle. However, the effect of the ovulation of aged follicles on fertility in sheep is not clear.
It has been demonstrated that follicular growth is influenced by numerous extra-and intrafollicular regulators such as angiogenic factors, estradiol (E 2 ), insulin-like growth factors (IGFs), IGF-binding proteins, and others (Hunter et al. 2004) . In fact, changes of vascularization and expression of some regulators, including angiogenic factors, are associated with follicular growth and/or atresia (Fraser 2006) . Several angiogenic factors, including vascular endothelial growth factor (VEGF) and endothelial nitric oxide synthase (NOS3), are expressed in ovarian follicles of several species (Redmer & Reynolds 1996 .
Intercellular communication through gap junctions, which consist of proteins called gap junction proteins (also known as connexins, Cxs), is also required for normal ovarian folliculogenesis (Grazul-Bilska et al. 1997) . GJA1 (Cx43) is the major gap junctional protein forming the channels within the granulosa cells and theca layers of the follicle (Kidder & Mhawi 2002) . Gap junction proteins play a significant role in the regulation of steroidogenesis, cell proliferation, and also cell survival. Changes in cell proliferation, apoptosis, and GJA1 production are associated with follicular growth and development or atresia (Jablonka-Shariff et al. 1994 , Grazul-Bilska et al. 1997 , Ackert et al. 2001 , Kidder & Mhawi 2002 , Gershon et al. 2008 .
We hypothesized that the lack of increased fertility in non-prolific WWF ewes with increased ovulation rates by PGF 2a and MAP sponge treatment could be partly explained by limited angiogenesis, limited cellular proliferation and gap junction expression, and increased apoptosis in preovulatory follicles with an extended lifespan from the penultimate wave of the cycle compared with the preovulatory follicles from the final wave of the cycle. Therefore, the objective of the present study was to evaluate 1) the expression of factor VIII, a marker of endothelial cells and thus vascularization; 2) the expression of markers of angiogenesis including VEGF and NOS3 mRNA; 3) the labeling index (LI), based on expression of proliferating cell nuclear antigen (PCNA), a marker of cellular proliferation; 4) apoptosis; and 5) the expression of GJA1, a marker of gap junctional communication, in preovulatory follicles obtained from the penultimate wave and the final wave of the estrous cycle in WWF ewes treated with PGF 2a and MAP.
Results
Serum progesterone concentrations, follicular fluid E 2 concentrations, antral follicle development, and characteristics of serum FSH concentrations Approximately 24 h after PGF 2a treatment on day 8 of the estrous cycle, serum progesterone concentrations declined (P!0.05) to !1 ng/ml, and remained at low concentrations until the collection of ovaries (Fig. 1A) . Follicular fluid E 2 concentrations did not differ between preovulatory follicles from the final wave compared with the preovulatory follicles from the penultimate wave (110.8G51.6 vs 100.7G36.5 ng/ml respectively).
After PGF 2a and MAP treatment, preovulatory follicles emerged from both the final and penultimate waves of the cycle (Fig. 1B) . The mean days of wave emergence were 8.9G0.2 and 13.0G0.2 after ovulation for the Data were normalized to the day of ovulation (day 0). Serum progesterone concentrations on day 0 were 0.2G0.1 ng/ml. (B) Peaks in serum concentrations of FSH (outlined with shading) and their associated emerging follicular waves in ewes that received a PGF 2a injection on day 8 and a MAP sponge on day 8; sponges were left in place for 14 days (indicated by the rectangle box on x-axis) after ovulation. Data were normalized to the day of ovulation (day 0) in all the ewes. Serum FSH concentrations on day 0 were 1.7G0.2 ng/ml. The average curves representing the growth, static, and regression phases of all the ewes in a group were normalized for each follicle wave to the mean day of wave emergence (indicated by the arrows. All the FSH peaks for all the ewes are shown normalized to the mean day of occurrence of the apex of the FSH peak for each wave. Please note that transrectal ultrasonography was performed initially to detect ovulation at the beginning of the study and from day 8 until ovariectomy to monitor antral follicular development. Therefore, we could only detect the growth patterns of the second to last (penultimate wave (PW; black squares)) and last (final wave (FW; open squares)) wave of the cycle. The FSH peaks triggering the emergence of PW and FW are shown by black triangles and open triangles respectively. The black circles and open circles pertain to the first and second FSH peaks of the cycle respectively. For every FSH peak, serum concentration profiles were delimited by the encompassing nadirs of the FSH concentrations (hence the overlap of the data for adjacent peaks in some cases).
penultimate and final waves respectively (Fig. 1B) . Preovulatory follicles from the penultimate wave had a longer (P!0.05) lifespan compared with the follicles from the final wave (7.1G0.2 vs 3.0G0.2 days; P!0.05; Fig. 1B ). The static phase of preovulatory follicles from the penultimate wave was longer (P!0.05) compared with the follicles from the final wave (3.6G0.7 vs 0.4 G0.2 days; Fig. 1B) . However, the growth phase (3.7G0.6 vs 2.6G0.9 days) and the growth rate (0.9G0.2 vs 1.1G0.1 mm/day) did not differ among the follicles from the penultimate and the final waves (Fig. 1B) . The mean maximum follicle diameter at the time of follicle collection did not differ among the preovulatory follicles from the penultimate (5.4G0.2 mm) and the final (5.55G0.2 mm) waves (Fig. 1B) . The mean days of the estrous cycle when the FSH peaks triggered the penultimate and final waves were 8.9G0.3 and 12.7G0.3 respectively (Fig. 1B ). There were no differences in FSH peak concentrations, amplitude and duration, or basal FSH concentrations among the peaks that triggered the penultimate and final waves (Fig. 1B) .
Immunohistochemical localization and image analysis
Factor VIII, PCNA, and GJA1 were detected in follicles from the final and the penultimate waves (Fig. 2) . Factor VIII was immunolocalized to blood vessels in the theca layer ( Fig. 2A and B ), but PCNA ( Fig. 2C and D) and GJA1 ( Fig. 2E and F) were detected in the granulosa and theca layers of ovarian follicles. In all follicles from the penultimate wave, pyknotic nuclei (a marker of early atresia) were detected in the granulosa layer (Fig. 2B, D and F). Pyknotic nuclei were not detected in follicles from the final wave ( Fig. 2A, C and E) .
Expression of factor VIII in the theca layer was greater (P!0.05) in preovulatory follicles from the final wave compared with the follicles from the penultimate wave (Fig. 3A) . The LI in the granulosa cells was greater (P!0.05) and tended to be greater (PZ0.06) in the theca cells of preovulatory follicles from the final wave compared with the follicles from the penultimate wave (Fig. 3B) . Overall, for preovulatory follicles from the final and penultimate waves combined, LI tended to be greater (PZ0.06) in the granulosa cells than in the theca cells (25.7G5.3 vs 15.3G4.1% respectively). Figure 2 Representative micrographs of immunohistochemical staining for factor VIII (A and B), PCNA (C and D), and GJA1 (E and F) in preovulatory follicles from the final (left column) and penultimate (right column) waves of the cycle. The dark color (bluish gray or blackish) indicates positive staining (arrows), and pink staining indicates cell nuclei (fast red staining) in the granulosa (G) and theca (T) layers. The large white area is the follicular antrum. Negative controls (insert in B) did not exhibit any staining. Arrowheads identify the basement membrane. Small arrows identify pyknotic nuclei (dark red) in the granulosa layer of follicles from penultimate wave in B, D, and F. Note the relatively stronger and weaker positive staining in preovulatory follicles from the final and penultimate waves respectively. Size of the barZ50 mm. GJA1 expression was greater (P!0.05) in both the granulosa and theca cells of preovulatory follicles from the final wave compared with the follicles from the penultimate wave (Fig. 3C ).
Apoptosis
Apoptotic cells and bodies were detected in the granulosa and theca layers in follicles from the final and penultimate waves of the estrous cycle ( Fig. 4A and B). The percentage of apoptotic (TUNEL-positive) cells for the granulosa and theca layers combined was greater (P!0.05) in preovulatory follicles from the penultimate wave than in the follicles from the final wave (25.8G4.0 vs 7.3G3.3% respectively).
Relative mRNA expression
Expression of VEGF mRNA was greater (P!0.05) in the theca cells and tended to be greater (PZ0.06) in the granulosa cells of preovulatory follicles from the final wave compared with the follicles from the penultimate wave ( Fig. 5) . Expression of NOS3 mRNA tended to be greater (PZ0.06) in the theca cells of preovulatory follicles from the final wave compared with the follicles from the penultimate wave (Fig. 5) . Expression of NOS3 mRNA in the granulosa cells was similar (PO0.1) in the follicles from the final and penultimate waves (Fig. 5) . Expression of GJA1 mRNA was greater (P!0.05) in the granulosa cells and tended to be greater (PZ0.09) in the theca cells of preovulatory follicles from the final wave compared with the follicles from the penultimate wave (Fig. 5 ).
Discussion
In agreement with previous studies (Johnson et al. 1996 , Leyva et al. 1998 , Vinoles et al. 1999 , PGF 2a and MAP treatment resulted in the development of more preovulatory follicles from the penultimate wave in addition to the final wave of the cycle. The preovulatory follicles from the penultimate wave had a longer lifespan compared with the follicles from the final wave. The extended follicular lifespan of the follicles from the penultimate wave may not depend on changes in gonadotropin secretion . The present study demonstrated no differences among any of the characteristics of the FSH peaks that triggered either the penultimate or the final wave of the cycle. It has been suggested that the low serum concentrations of progestagen from MAP sponges exert direct effects on the ovary and affect follicular function . However, it is interesting that follicles could grow for different lengths of time, to the same size, with similar FSH peak characteristics; this phenomenon warrants further investigation. In the present study, overall, the expression of markers of vascularization and/or angiogenesis such as factor VIII, VEGF, and NOS3 was greater in preovulatory follicles from the final wave compared with the follicles from the penultimate wave, even though follicle size was similar. Greater NOS3 expression was observed in healthy developing follicles than in atretic follicles in sheep . In sheep and cattle, it has been shown that the expression of angiogenic factors such as VEGF and NOS3 is associated with enhanced vascularization of large ovarian antral follicles, which likely contributes to maintaining these follicles in a nonatretic state (Redmer & Reynolds 1996 . Both VEGF and NOS3 are major regulators of follicular development in sheep (Hunter et al. 2004 , Fraser 2006 . The high expression of angiogenic factors and increased vascular surface area, as indicated by factor VIII expression, likely resulted in an enhanced vascular supply and hence enhanced exchange of nutrients, gonadotropins, and growth factors in follicles from the final wave compared with the follicles from the penultimate wave of the cycle, in the present study . In fact, it has been demonstrated that vascularity in the theca layer may serve as an indicator of follicle health in several species (Mattioli et al. 2001 , Jiang et al. 2003 . Even though PGF 2a and MAP treatment resulted in large ovulatory sized follicles in both the final and penultimate waves of the estrous cycle, the quality of the follicles from the penultimate wave was compromised with respect to vascularization and angiogenesis compared with the follicles from the final wave.
In the present study, proliferative activity of the granulosa and theca cells, as detected by expression of PCNA, was greater in follicles from the final wave compared with the follicles from the penultimate wave of the cycle. In cattle, it has been shown that cellular proliferation in the granulosa and theca layers was greater in estrogen-active and dominant follicles than in estrogen-inactive and non-dominant follicles (GrazulBilska et al. 2007 ). In addition, a greater proliferation rate was observed in healthy follicles compared with the atretic follicles in sheep and cattle (Jablonka-Shariff et al. 1994 , Isobe & Yoshimura 2000 . In the present study, apoptosis was greater in follicles from the penultimate wave than in follicles from the final wave. Apoptosis is a marker of atresia in ovarian follicles (Hussein 2005 , Krysko et al. 2008 . Therefore, the high rate of apoptosis and appearance of pyknotic nuclei in follicles from the penultimate wave in the present study indicate that atresia was initiated in these follicles. However, we did not observe a decrease in E 2 concentration in follicular fluid from follicles of the penultimate wave. This may be due to very early stage of atresia observed for these follicles (as documented by morphology in Fig. 2) . Therefore, at this stage of atresia, a decline in E 2 production is likely only initiated, and a relatively high level of E 2 is still present in follicular fluid. In contrast, decrease in follicular fluid concentration of E 2 and aromatase activity in the granulosa cells has been shown as apoptosis progressed during early atresia of ovarian follicles in the ewe (Jolly et al. 1997 ). The differences between Jolly et al. (1997) and our studies are likely due to the different animal treatment causing initiation of atresia (e.g. injections of steroid-free bovine follicular fluid versus hormonal treatment respectively) and breed. Thus, these data led us to conclude that in follicles from the penultimate wave with an extended static phase, there is a decrease in the granulosa and theca cell proliferation and enhanced apoptosis leading to follicle atresia, and likely poor oocyte quality.
Both the protein and mRNA expression for GJA1 were greater in follicles from the final wave compared with the follicles from the penultimate wave in the present study. The importance of GJA1, the major gap junctional protein in ovaries, during follicular development is well recognized (Grazul-Bilska et al. 1997 , Kidder & Mhawi 2002 , Gershon et al. 2008 . Gap junctions are required for the granulosa and theca cell proliferation, steroidogenesis, signal transduction, and cell survival (GrazulBilska et al. 1997 , Kidder & Mhawi 2002 . Based on studies in knockout mice, it was shown that intracellular coupling between the granulosa cells is decreased in ovaries lacking GJA1 leading to a decreased follicular growth, an increased apoptosis of granulosa cells, and a lack of ovulation (Ackert et al. 2001 , Gittens et al. 2005 . In addition, it has been shown that the level of GJA1 mRNA expression in human preovulatory follicles or the bovine cumulus-oocyte complex predicts oocyte developmental competence (Calder et al. 2003 , Tsai et al. 2003 . Moreover, decreased expression of GJA1 was observed in atretic follicles in sheep and cattle (Grazul-Bilska et al. 1998 , Johnson et al. 1999 ). Therefore, GJA1 appears to be critical for follicular development and thus can be used as a marker for follicle quality. In the present study, due to low expression of GJA1, gap junctional communication was likely limited within the granulosa and theca cells of follicles from the penultimate wave compared with the follicles from the final wave of the cycle, probably compromising oocyte quality. One of the primary goals in controlled sheep breeding is to increase the number of live births from an ewe. A field study utilizing the treatment used in the present study did not improve the fertility rate, even though there was an increased ovulation rate (Davies 2005) . The findings of the present study clearly show that the inability of the PGF 2a and MAP treatment to increase fertility could be partly due to a decrease in the quality of preovulatory follicles from the penultimate wave of the estrous cycle, whose lifespan was extended . However, although significant differences between follicles from the final and penultimate waves of the cycle in the present study were clearly demonstrated, one note of caution in interpretation should be added. We were unable to observe how many follicles ovulated, but in our original study , 21% more follicles ovulated from the pool of ovulatory sized follicles from the final wave compared with the follicles from the penultimate wave of the cycle in ewes that received the same treatment as in the present study. In addition, in the present study, the collection of follicles likely occurred around the time of the preovulatory LH surge . Therefore, some of the differences that we noted between follicles from the final and penultimate waves could have reflected differential responses to the LH surge. In cattle, when the estrous cycle is extended by low levels of progesterone, follicles growing in a wave have a longer lifespan, reach a greater diameter, and appear to produce more E 2 (Sirois & Fortune 1990 ). Oocyte quality is compromised in older follicles in cattle, and fertility is decreased (Austin et al. 1999 . Ovulation of dominant follicles with a prolonged lifespan in cattle leads to early embryonic loss as a result of altered expression of genes that are important for transcription and translation in the oocyte (Lingenfelter et al. 2007 ). In cattle, oocytes from the dominant follicles with a prolonged lifespan undergo premature maturation leading to decreased fertility (Revah & Butler 1996) . In contrast, Evans et al. (2001) demonstrated that ovine oocytes from follicles with a prolonged lifespan could be fertilized and produce good quality embryos. The discrepancies above are likely due to different hormonal treatments and/or species. Hormonal treatments should be optimized to enhance follicular development from the penultimate wave of a cycle, in the ewe that would also enhance fertility and/or fecundity.
In summary, PGF 2a and MAP treatment gave rise to preovulatory follicles emerging from both the final and penultimate waves of the cycle in WWF ewes. Follicles from the penultimate wave had a longer lifespan and static phase compared with follicles from the final wave.
Vascularization, cell proliferation, and expression of angiogenic factors and gap junctional protein GJA1 were greater in preovulatory follicles from the final wave compared with follicles from the penultimate wave. This indicates that although the treatment with PGF 2a and MAP enhanced ovulation rate by extending the lifespan of follicles in the penultimate wave, these follicles were not as functionally viable as follicles in the final wave. PGF 2a and MAP treatment provides a useful model to study aged antral follicles and oocytes, but this treatment is not useful for enhancing fecundity.
Materials and Methods

Animals, ultrasound technique and blood sampling
Care and handling of experimental animals was carried out according to the Canadian Council on Animal Care's published guidelines. Sexually mature, healthy, cycling, WWF ewes (Ovis aries; nZ15; mean body weight of 83.34G2.3 kg) were housed indoors for the duration of the study (Saskatoon, SK, Canada; latitude: 52810 0 N). The experiment was performed during the breeding season (December-January), and day length was set to ambient, outdoor conditions. Ewes were fed a maintenance diet of hay with free access to cobalt iodized saltlicks and water. Ewes were monitored daily for estrus with vasectomized crayon marker-harnessed rams.
Ovarian antral follicular dynamics was monitored daily (starting at 0800 h) in all the ewes by transrectal ovarian ultrasonography (scanning) using a 7.5 MHz transducer stiffened with a hollow plastic rod and connected to a B-mode, real-time echo camera (Aloka SSD-900, Overseas Monitor, Richmond, BC, Canada). This technique can be used to accurately quantify ovarian antral follicles R2 mm in diameter and detect corpora lutea in sheep . All images were viewed at a magnification of !1.5 with constant gain and focal point settings. Ovarian images were recorded (Panasonic AG 1978, Matsushita Electric, Mississauga, ON, Canada) on high-grade video tapes (Fuji S-VHS, ST-120 N, Fujifilm, Tokyo, Japan) for later examination. The relative position and dimension of follicles and luteal structures were also sketched on ovarian charts.
Blood samples (10 ml) were collected daily after scanning by jugular venipuncture, using vacutainers (Becton Dickinson, Franklin Lakes, NJ, USA). All the samples were permitted to clot at room temperature for 18-24 h. Samples were then centrifuged for 10 min at 1500 g, and serum was removed and stored at K20 8C until assayed for progesterone and FSH concentrations.
Analysis of follicular data
A follicular wave consisted of a follicle or a group of follicles that emerged and grew from 2 to 3 mm in diameter to R5 mm in diameter (growth phase), before regressing to 2-3 mm in diameter (regression phase) or ovulation; the period over which a follicle was maintained at a size of R5 mm was regarded as the static phase (Bartlewski et al. 1999) . The length of the growth and static phases, growth rate, and life span of the largest follicle growing in the penultimate and final waves were analyzed. The lifespan of a large antral follicle was defined as the interval from its emergence at a diameter of 2 or 3 mm to the day of follicle collection.
Experimental design, tissue collection, and tissue preparation
For all sheep, transrectal ovarian ultrasonography was performed to detect ovulation and was continued to monitor ovarian antral follicular growth from day 8 after ovulation until ovariectomy 8 days later. Starting on day 8 of the estrous cycle (day 0 was the day of ovulation), all the ewes were administered a single injection of PGF 2a (15 mg i.m.; Lutalyse; Upjohn, Orangeville, ON, Canada) and an intravaginal MAP sponge (60 mg; Veramix; Upjohn), which remained in place for 6 days.
After removal of the sponge, we could clearly identify and monitor the development of large ovulatory follicles (R5 mm in diameter) from both the penultimate wave and the final wave of the cycle. A map of ovarian follicular growth with time was created to allow us to identify the type of follicles collected. Two days after sponge removal, the ovaries that contained large preovulatory follicle(s) growing in the penultimate and final waves were collected by ovariectomy. Ovariectomy was performed by mid-ventral laparotomy within 5 min after killing by Euthanyl Forte (i.v.; 1 ml/5 kg of body weight; Bimeda-MTC Animal Health Inc., Cambridge, ON, Canada). The ovaries were collected prior to ovulation which occurs w72 h after the sponge removal, but just at the time of the onset of the preovulatory LH surge that starts about 48 h after the sponge removal . Out of 15 ewes, ovaries from eight ewes were used for gene expression studies and ovaries from seven ewes were used for protein expression studies. All the ewes had one follicle each from the final and penultimate waves of the cycle except for one ewe each in the gene expression and protein expression study groups which had two follicles from each of the final and penultimate waves respectively.
Ovaries were collected and processed for the protein and mRNA expression as described previously (Grazul-Bilska et al. 1998 , 2006 , Borowczyk et al. 2006 . Briefly, the ovaries were placed on ice and immediately transferred to the laboratory. The ovaries were washed using cold PBS solution containing 2% streptomycin and penicillin (Sigma), to remove blood from the ovarian surface. The ovaries were then placed on ice in a 60-mm petri dish containing tissue culture medium-199 (TCM-199; Gibco), supplemented with 1% penicillin and streptomycin (Sigma), and surface diameter of preovulatory follicles was measured.
For the protein expression studies, the ovaries were cut into small pieces which contained the identified follicle. Each follicle was split up between two different fixation protocols. A portion of ovary containing half of a follicle was fixed in Carnoy's solution (6 parts of ethyl alcohol, 3 parts of chloroform, and 1 part of glacial acetic acid) for 2-4 h, and another portion of ovary containing another half of a follicle was fixed in 4% paraformaldehyde for 24 h at room temperature (in total, seven follicles from the final wave and eight follicles from the penultimate wave). Fixed tissues were dehydrated using graded series of ethanol and cleared with a histological clearing agent (Histoclear, National Diagnostics, Atlanta, GA, USA). The tissues were embedded in paraffin, and then 4-mm sections were cut and mounted onto poly-L-Lysine coated slides for immunohistochemical staining. One section per ovary containing the respective follicles was used for immunohistochemistry and for generating five to ten images for image analysis.
For the mRNA expression studies, the granulosa and theca cells from the follicles were collected separately as described previously (Borowczyk et al. 2006) . Follicular fluid from preovulatory follicles from the penultimate and final waves was aspirated and centrifuged to sediment the granulosa cells. The follicle was then flushed with TCM-199 media in order to maximize the yield of granulosa cells. The theca cell layer was dissected from the follicle wall using fine tissue forceps. The granulosa and theca layers from the final and penultimate waves for each sheep were suspended separately in PBS and stored at K80 8C until used for mRNA extraction.
Hormone analysis
Progesterone (Rawlings et al. 1984) and FSH (Currie & Rawlings 1989 ) concentrations in serum samples and E 2 concentrations (Evans et al. 2004) in follicular fluid were measured by validated RIA procedures. For follicular fluid E 2 evaluation, follicular fluid from the preovulatory follicles was diluted 1:5000 prior to the assay. The assay sensitivities (defined as the lowest concentration of a hormone capable of significantly displacing radiolabeled hormone from the antibody) were 0.03 ng/ml for progesterone, 0.1 ng/ml for FSH, and 5.0 pg/ml for E 2 . The ranges of standards were 0.1-5 and 0.12-16.0 ng/ml, for the serum progesterone and FSH assays respectively, and 5.0-1000 pg/ml for follicular fluid E 2 assay. A concentration equivalent to the sensitivity of the assay was assigned to serum samples with hormone concentrations lower than the assay sensitivity.
The intra-and inter-assay coefficients of variation (CV) were 11.4 and 9.6 or 7.1 and 13.7% for reference sera with mean progesterone concentrations of 0.26 or 1.17 ng/ml respectively. The intra-assay CV were 2.2 or 4.0% for reference sera with mean FSH concentrations of 1.57 or 3.68 ng/ml respectively. The intra-assay CV were 9.3 or 5.0% for reference follicular fluid samples with mean E 2 concentrations of 18.8 or 216.1 pg/ml respectively.
Peaks of FSH in the blood samples collected daily were identified using cycle-detection software (Clifton & Steiner 1983) . A fluctuation or cycle was defined as a progressive rise and fall in hormone concentrations that encapsulated a peak concentration (nadir-to-peak-to-nadir; Clifton & Steiner 1983) . Mean basal FSH concentrations were determined by averaging the lowest points between peaks (nadirs). FSH peak concentration was defined as the concentration of FSH observed at the apex of the FSH peak. FSH peak amplitude was defined as the difference between the FSH peak concentration and the nadir before the peak concentration. FSH peak duration was defined as the interval between the two nadirs encompassing the FSH peak. 
Immunohistochemistry
Detection of factor VIII, PCNA, and GJA1 was performed as described previously (Grazul-Bilska et al. 1998 , 2006 , 2009 , Pant et al. 2005 . Briefly, ovarian tissue sections were deparaffinized, rehydrated, and incubated with 3% H 2 O 2 in methanol to eliminate endogenous peroxidase activity. The sections were then rinsed several times in PBS containing Triton X-100 (0.3%, v/v). Then, to block non-specific binding of antibodies, the sections were treated for 20 min with PBS containing either normal goat serum (1%, v/v; Vector Laboratories, Burlingame, CA, USA) for factor VIII and GJA1 staining or normal horse serum (3%, v/v; ABC kit, Vector Laboratories) for PCNA staining. The sections were incubated overnight at 4 8C in PBS containing a primary antibody against factor VIII (1:100; rabbit polyclonal; Sigma), PCNA (1:500; mouse monoclonal; Chemicon International, Temecula, CA, USA), or GJA1 (1:500; rabbit polyclonal; Grazul-Bilska et al. 1998 , Pant et al. 2005 . Primary antibodies were detected using a biotin-labeled secondary antibody (anti-rabbit antibody for factor VIII and GJA1; anti-mouse antibody for PCNA; Vector Laboratories) and the avidin biotinylated HRP macromolecular complex (Vector Laboratories). The color was developed using the SG substrate (Vector SG substrate kit, Vector Laboratories).
For GJA1 and factor VIII controls, the primary antibody was replaced with normal rabbit IgG (diluted 1:100), and for PCNA controls, the primary antibody was replaced with normal mouse IgG (4 mg/ml). After immunostaining, the tissue sections were counter-stained with nuclear fast red to visualize the nuclei.
Image analysis
For all the ovaries, images of the stained sections (0.025 mm 2 per field) were taken for each of the identified follicles from the final and the penultimate waves (total 5-10 images/follicle). The images were then used for quantitative image analysis using the Image-Pro Plus software (Media Cybernetics Inc., Silver Spring, MD, USA). Then, we determined the area that exhibited positive staining for factor VIII (occupied by endothelial cells) in the theca layer; or for GJA1 per tissue area for the granulosa and theca layers separately; and the LI (calculated as a percentage of proliferating cells out of the total cells per marked area of follicle) for the granulosa and theca cells separately, as described previously (Grazul-Bilska et al. 2007 , 2009 ).
TUNEL assay
A TUNEL (in situ cell death detection kit AP; Roche Diagnostics Co.) was used to identify the extent of cell apoptosis in the granulosa and theca layers of the collected follicles. The procedure of labeling DNA fragments used in this study was a modification of the protocol described by Weber et al. (2002 Every TUNEL assay included a separate positive control slide that was incubated with 1 mg/ml DNase (DNase I recombinant, Roche Diognostics Co.) for 10 min at 22 8C. Negative control slides were incubated with 50 ml label solution without terminal transferase for 60 min at 37 8C. The sections that were stained with TUNEL or hematoxylin and eosin were subjected to blinded evaluation. The number of TUNEL-positive and the total number of follicular somatic cells were counted in ten different fields at 1000! magnification. TUNEL-positive cells were expressed as a percentage of the total number of follicular somatic cells, for the granulosa and theca layers combined.
RNA isolation and quantitative real-time RT-PCR
Total cellular RNA (tcRNA) was isolated from the granulosa and theca cells using the illustra RNAspin Mini RNA Isolation kit (GE Healthcare UK Ltd, Amersham Place, Buckinghamshire, UK) according to the manufacturers' recommendations. The quantity and quality of tcRNA samples were determined via capillary electrophoresis using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The RNA samples were reverse transcribed in triplicate with 20 ml reaction volume containing equal amount of tcRNA for each sample (1.5 ng/ml) using TaqMan RT Reagents (Applied Biosystems, Foster City, CA, USA) as described previously (Redmer et al. 2005 . All cDNAs from the RT reaction were stored at K20 8C prior to PCR analysis.
Expression of mRNA for VEGF, NOS3, and GJA1 in the granulosa and theca cells were determined in the triplicate on the RT samples described above using the ABI PRISM 7000 Sequence Detection system and software as described previously (Redmer et al. 2005 , Borowczyk et al. 2006 . For each gene assayed, a no-template control was present in duplicate on each real-time RT-PCR plate. The sequences of the primers and probes that were used for each gene studied have been published (Redmer et al. 2005 , Borowczyk et al. 2006 . The primers and probes were designed from species-specific sheep mRNA sequences using the primer express software version 2 (Applied Biosystems). For standard curves, cDNAs from placentomes (for VEGF and NOS3) at day 130 of pregnancy or from ovine heart (for GJA1) were used. Expression of each gene was normalized to the expression of 18S rRNA in a multiplex reaction using the human 18S predeveloped assay reagent (PDAR) from Applied Biosystems. The PDAR solution, which is primer limited and contains a VIClabeled probe, was further adjusted by one-fourth the normal amount, so that it would not interfere with amplification of the FAM-labeled gene of interest. Standard curves were also generated with the multiplex solution, and the quantity of 18S rRNA and the gene of interest was determined using each specific standard curve. The concentrations of mRNA were then normalized to 18S rRNA by dividing each of the mRNA values by their corresponding 18S rRNA value (Redmer et al. 2005 .
Twelve and one-half microliter final reaction volumes were prepared in 96-well PCR plates fitted with optical adhesive covers (ABI prism, Applied Biosystems) using the TaqMan universal PCR master mix (Applied Biosystems). The samples were heated to 60 8C for 2 min, then 95 8C for 10 min, before 40-45 cycles of 15 s at 95 8C followed by 1 min at 60 8C as per the manufacturer's instructions. The relative standard curve method was used to analyze the real-time RT-PCR data .
Statistical analyses
One-way repeated measures ANOVA (Sigma Stat 7 for Windows Version 2.03, 1997, SPSS Inc., Chicago, IL, USA) was used to assess differences in characteristics of FSH peaks (i.e. FSH peak concentrations and amplitude, FSH peak duration, and basal FSH concentrations) among peaks during the experimental period studied. The t-test was used to compare the characteristics of ovarian follicles (i.e. length of the growth and static phases, growth rate, and life span) among the penultimate and final wave follicles. The t-test was also used to compare the relative mRNA expression and protein expression levels in the granulosa and theca cells of preovulatory follicles from the final and penultimate waves. The percentage of apoptotic cells in follicles originating from the penultimate or the final wave of the estrous cycle was compared by Wilcoxon signed-rank test (Statistix Statistical Software for Windows, Version 8, Analytical Software, Tallahassee, FL, USA). Data are expressed as meanGS.E.M. Statistical significance was defined as P!0.05. A tendency for a statistical significance was defined as PR0.05 and P%0.1.
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